Purpose Herein, we report characteristics of 18 Ffluorodeoxyglucose (FDG) uptake in abdominal aortic aneurysms (AAAs) during a long-term follow-up. In addition, we investigated the association between FDG uptake and the physician decision to perform an intervention. Methods We performed a retrospective review of 42 patients with AAAs who underwent FDG positron emission tomography (PET)/computed tomography (CT). The size of the AAA was measured in serial CT or PET/CT images. The long-term growth rate of AAAs was calculated by linear regression of the size change. Maximal SUV of the AAA (SUV AAA ) and mean SUV of the blood pool (SUV Blood ) were measured in PET/CT fusion images. To assess the FDG uptake of AAAs, the target-to-background ratio (TBR) was defined as the ratio of SUV AAA to SUV Blood . We compared FDG uptake of AAAs with the long-term growth rate of AAAs and clinical data. Results TBR was not significantly different between patients with and without significant growth (1.55 ± 0.20 vs.
Introduction
Abdominal aortic aneurysm (AAA) is one of the most common vascular diseases and can result in the fatal consequence of aortic rupture. The prevalence of AAA is estimated to be approximately 4-9% in the general population [1] . Although surgical and intravascular interventions are curative treatment methods, it was reported that the perioperative mortality of endovascular aorta repair (EVAR) is 1.6% and that of aorto-femoral bypass graft surgery (AFB) is 5.2% [2] . Thus, it is of critical importance to determine an optimal indication for surgical or interventional treatment of AAA. Several criteria have been suggested for predicting the growth of AAA and selecting patients who need treatment. Currently, the most widely used criteria are size larger than 5.5 cm or rapid expansion with a growth rate of more than 1 cm/year in case of asymptomatic AAA [3] .
Computed tomography (CT) is the most commonly used imaging modality to assess AAA. CT provides high resolution for vascular structures with high image contrast, and three-dimensional reconstruction of CT visualizes the detailed structure of AAAs. Therefore, serial CT examination is essential in AAA to evaluate size change and to determine the need of elective surgery. In addition, there have been several attempts to evaluate aortic wall stress or strain using specific three-dimensional reconstruction methods for predicting AAA expansion on contrast-enhanced CT [4] [5] [6] . However, size-based criteria are of limited performance to predict sudden aortic rupture [7] . 18 F-fluorodeoxyglucose (FDG) positron emission tomography (PET) is an imaging modality for metabolic activity, and it can be used not only in malignant but also in inflammatory diseases [8] . FDG PET has been reportedly useful in diagnosing various vascular diseases caused by inflammation [9] [10] [11] . Because inflammation is one of the key processes in the expansion of AAA [12] , the relationship between FDG uptake and AAA has been investigated in several studies. However, the results from these studies are not consistent; while it was reported that increased FDG uptake was associated with expansion of AAAs [13] , contrarily FDG uptake being lower in the group with size-increasing AAAs was also reported [14] . In terms of intervention, there was no difference in FDG uptake between repaired and non-repaired AAAs [15] .
The purpose of this study was to investigate characteristics of FDG uptake in AAA patients under long-term follow-up to evaluate the efficacy of FDG PET in the management of AAA. Additionally, FDG PET/CT findings were analyzed with regard to the clinically made decisions of surgical or interventional treatment for AAAs.
Materials and Methods

Patients
Among patients who underwent FDG PET/CT for cancer evaluation at our institution between March 2006 and December 2015, those who were diagnosed with AAA at the time of FDG PET/CT or during follow-up were retrospectively retrieved. The inclusion criteria were (1) clinically confirmed diagnosis of AAA, (2) no surgical treatment for AAA such as AFB or EVAR before FDG PET/CT, and (3) follow-up after FDG PET/CT longer than 1 month, with contrast-enhanced CT covering the abdominal aorta more than one time. Medical records regarding AAA were reviewed on the medical information system.
Image Acquisition
FDG PET/CT scans were performed as previously described [16] . Briefly, a patient fasted at least 6 h, and FDG (5.18 MBq/ kg) was injected intravenously. Sixty minutes after injection, PET/CT images were acquired using dedicated PET/CT scanners (Biograph 40, Siemens Healthcare, Knoxvillle, TN, USA, or Gemini, Philips Healthcare, Cleveland, OH, USA) from the skull base to the proximal thigh levels. CT images for attenuation correction and lesion localization were obtained first, and PET images were obtained subsequently. PET images were reconstructed using iterative algorithms (ordered subsets-expectation maximization; 2 iterations), with matrix size of 200 × 200 and voxel size of 2.6 × 2.6 × 2.5 mm 3 .
Image Analysis
On FDG PET/CT images, an ellipsoidal volume of interest (VOI) was placed on the abdominal aorta to encircle the entire extent of AAAs. The standardized uptake value (SUV) was measured in the VOI by using a commercial software package (Syngo.via, Siemens Healthcare, Knoxvillle, TN, USA) (Fig. 1a) . Blood pool activity was measured in the superior vena cava as background activity; a region of interest (ROI) was manually drawn for the superior vena cava on each slice of PET/CT fusion images from the root of the brachiocephalic vein to the cavo-atrial junction levels. The ROIs were stacked to make a VOI in which the mean SUV was measured (Fig. 1b) . A target-to-background uptake ratio (TBR) of an AAA was defined as the ratio between the maximal SUV of AAAs and mean SUVof the superior vena cava. When two or more FDG PET/CT scans were performed in a patient, the first PET/CT that demonstrated the AAA was used for analysis.
Follow-Up and Clinical Outcome
On FDG PET/CT or contrast-enhanced CT, the maximal diameter of an AAA was measured perpendicularly to the long axis of the AAA. The average growth rate of an AAA was calculated by linear regression of sizes measured on serial FDG PET/CT or contrast CT; the slope of linear regression was defined as the average growth rate of the AAA. In case a significant positive correlation was determined on the linear regression of sizes, it was defined as a significant growth of the AAA.
In our institution, intervention for an AAA was determined based on the risk of abdominal aortic aneurysm [17] . EVAR was preferred to AFB for patients at high risk for open surgery such as elderly patients or those with relatively lower risk of rupture based on the surgeon's perspective. The treatment option was chosen by the surgeons, irrespective of the FDG PET/CT findings. The medical history of the interventions for AAAs was obtained from our medical information system.
Statistical Analysis
Correlation of the average growth rate with the TBR was evaluated using the linear regression coefficient. The Mann-Whitney test was used to evaluate the significance of differences between the two groups. A P-value less than 0.05 was considered statistically significant. Statistical analysis was performed using a statistical software package (Graphpad Prism Version 5, San Diego, CA, USA).
Results
Patients
Of 69,757 patients who underwent FDG PET/CT for oncological evaluation during the study period, 42 were diagnosed with AAA. Among them, 5 patients were excluded because of the short follow-up period, and finally 37 patients were included in the analysis. Demographic characteristics of the patients are shown in Table 1 .
Correlation between FDG Uptake and Growth of the AAA
In the patient group, the follow-up period was 1243 ± 789 days (range 176-3348 days) after the FDG PET/CT. Of 37 patients, Table 1 . Of 37 cases, 19 patients did not exhibit significant AAA growth during the follow-up period, whereas growth was observed in the other 18 patients. In these 18 patients, the average growth rate of AAA was 3.49 ± 2.45 mm/year (range 0.54-9.13 mm/year). TBR was not significantly different between patients with and without growth (1.55 ± 0.20 vs. 1.57 ± 0.14; P = 0.5599; Fig. 2a ). However, in 18 patients with significant growth of AAA, TBR exhibited a significant correlation with the growth rate (r 2 = 0.2601, P = 0.0306; Fig. 2b ).
FDG Uptake and Clinical Outcome
The TBR of patients who received interventions for the AAA was significantly higher than that of patients who did not (Fig. 3a) . In a subgroup analysis, TBR was higher in patients who received EVAR than in those who received AFB, but without clinical significance (1.83 ± 0.21 vs. 1.65 ± 0.24; P = 0.3152; Fig. 3b ). FDG PET/CT images of representative cases are demonstrated in Fig. 4 .
Discussion
In the present study, no significant difference was observed in FDG uptake between AAAs with or without growth during follow-up in the overall group. However, in the subgroup that exhibited growth of AAA, the degree of FDG uptake exhibited a significant correlation with the growth rate of AAA. Additionally, FDG uptake was higher in patients who received surgical or interventional treatment than in those who did not.
The progression and growth of AAA closely relate to vascular wall inflammation. In a previous study, tissues of AAA exhibited higher expression of cytokines, transcription factors, and cellular responses related to general inflammation than tissues of atherosclerotic disorders [11] . Also, several studies Fig. 2 a TBR according to growth of the AAA. In overall patients, TBR was not significantly different between patients with and without significant growth (1.55 ± 0.20 vs. 1.57 ± 0.14; P = 0.5599). b Correlation between TBR and growth rate of AAA in patients with significant growth. In this group, TBR exhibited a significant positive correlation with the long-term growth rate of the AAA (r 2 = 0.2601, P = 0.0306) Fig. 3 a TBR according to treatment. TBR of patients who underwent intervention was significantly higher than that of patients who were observationally followed up (P = 0.0228). b TBR according to options of interventional treatment. TBR of patients who received AFB was not significantly different from that of patients who received EVAR have reported the inflammatory activity of aortic aneurysms is correlated with aneurysmal development and growth [18, 19] . FDG PET is a well-known imaging method targeting inflammation, because glucose metabolism is enhanced in active inflammatory cells. The efficacy of FDG PET in various inflammatory conditions including vascular diseases has been reported in many studies [8] [9] [10] [20] [21] [22] .
There have been several attempts to investigate the effectiveness of FDG PET/CT in the diagnosis and prognosis prediction of AAA. However, results of these studies were inconsistent with each other regarding the relationship between FDG uptake and growth of AAA [23] . In some studies, no significant correlation was observed between FDG uptake and the growth of AAA [6, 24, 25] , and in some other studies, even negative correlations were observed [13, 26] . It is speculated that an ambivalent feature of inflammation is related to the results. In inflammation, two polarized subtypes of macrophages, M1 and M2, are activated and play different roles; M1 is usually proinflammatory and induces destruction of pathogens or tissues, whereas M2 induces repair and recovery of tissues. Although M1 macrophages accumulate FDG more preferentially, both M1 and M2 can induce increased FDG uptake in inflammatory tissue [27] . Thus, increased FDG uptake in AAA may represent activation of either M1 or M2 macrophages, which results in different consequences: growth of AAA with tissue destruction or tissue repair. In our study, polarization and activation of different subtypes of macrophages may have been a cause for the result of no difference in FDG uptake between AAAs with or without growth. In contrast, a significant correlation between the FDG uptake and growth rate in the growing AAA group suggests that the degree of macrophage activation relates to growth of AAAs in a subgroup where a specific subtype of inflammation is dominant.
In addition to inflammation, other demographic and clinical factors such as age, sex, hypertension, and smoking history are suspected to be related to growth of AAAs [28] . However, none of them was related to growth of AAAs in our study (data not shown), partly because of the small case number. In recent studies, other factors directly related to the pathophysiological process of AAA growth have been tried as imaging targets: matrix metalloproteinase, neoangiogenesis, and tissue elastin [29] . It is expected that the correlation between these factors and AAA growth will be more clearly proven in future studies. Similar to the relationship between FDG uptake and growth of AAAs, inconsistent results have been reported in previous studies regarding the relationship between FDG uptake and the clinical decision on treatment. It was reported that there is no difference in FDG uptake between finally treated and non-treated patients [15] , whereas another group reported that some cases with increased FDG uptake required operation [13] . In the present study, there was a significant difference in FDG uptake between observed and treated patients. At present, there is no guidance for using FDG PET for determining the surgical or interventional treatment of AAA. The decision for treatment is usually made by size criteria in which an AAA that exceeds 5.5 cm or grows faster than 1 cm/year is recommended to undergo treatment. However, some patients are treated despite the small size or slow growth rate of the AAA based on clinical conditions. In our hospital, surgical or interventional treatment of AAAs is performed even if size criteria are unmet in case of ominous findings such as a large extent, Fig. 4 a FDG PET/CT image of a 69-year-old male patient with AAA. Focally increased FDG uptake was demonstrated on PET/ CT (arrow). TBR of his AAA was 1.96, and the long-term growth rate was 6.57 mm/year. The diameter of the AAA was less than 5.5 cm, and its growth rate was less than 10 mm/year. However, he underwent EVAR for this lesion. b FDG PET/CT image of a 75-year-old male patient with AAA. TBR of his AAA was 1.25, and the long-term growth rate was 0.72 mm/year. He did not receive any intervention during the follow-up period progression of a penetrating ulcer, and involvement of the common iliac artery. In the present study, among the 11 patients who received treatment, 3 patients met the size criteria, 1 with an AAA larger than 5.5 cm and 2 with a growth rate faster than 1 cm/year. Thus, it is an intriguing finding that FDG uptake is related to the decision on treatment, because it suggests that ominous findings for clinical decisions may be related to increased FDG uptake. Further study is required for the relationship between FDG uptake and those findings.
In the present study, we used TBR instead of SUV. Maximal SUV is a reproducible and effective parameter to evaluate the metabolic activity of a target area in most oncological PET imaging. However, the target lesion in case of AAA is not a solid tumor but a thin tissue abutting the blood activity. Thus, TBR appears to be a more appropriate parameter than SUV because TBR is a parameter corrected by blood pool activity. Additionally, the long-term influence of FDG uptake was analyzed in the present study based on long-term follow-up data. Because AAA exhibits slow growth and progression in many patients, it can be speculated that underlying chronic inflammatory activity was assessed in this study. It would be intriguing to investigate correlations between the FDG uptake and chronic wall stress of AAAs that can be measured using three-dimensional reconstruction of CT angiography and hydraulic simulation.
There are some limitations in the present study. First, this study was based on retrospective review; thus, the intervals of FDG PET, CT, and clinical follow-up were not regularly performed. The decision on AAA treatment may have been affected by cancer conditions. Instead, the follow-up period was relatively long for evaluating the long-term influence of FDG uptake in AAA. Second, the case number was relatively small to exhibit statistically robust results. Third, the growth rate of AAAs was computed by linear regression analysis, although there are other models for growth of AAAs such as a bi-exponential growth model, and it is well known that growth of AAAs is often not continuous but intermittent, depending on activation of inflammation. However, linear regression was performed to define an index for long-term growth of AAAs, and the growth pattern of AAAs demonstrated good fitting with the linear regression model in most cases.
Conclusion
In conclusion, FDG PET/CT may only be effective for predicting the long-term growth of AAAs in a specific subgroup of patients. It is also suggested that FDG PET is potentially related to the clinical conditions of AAA patients who need surgical or interventional treatment. Further study is required regarding the role of FDG PET in AAAs with higher subject numbers and a prospective study design.
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